Site-directed mutagenesis has been used to replace tyrosine-240 with phenylalanine in each of the catalytic chains of aspartate carbamoyltransferaqse. has been extensively studied as a model for allosteric regulation (1-5). This enzyme catalyzes the committed step in pyrimidine biosynthesis, the condensation of L-aspartate and carbamoyl phosphate to form N-carbamoylaspartate and inorganic phosphate. Homotropic cooperativity is induced by both substrates (6, 7), whereas CTP, a product of the pyrimidine pathway, acts as a heterotropic inhibitor and ATP, a product of the parallel purine pathway, acts as a heterotropic activator (6). The x-ray structure of the unligated holoenzyme has been determined (8), as well as the structure in the presence of CTP (9) 
type catalytic subunit. Reactivity of the mutant enzyme with p-hydroxymercuribenzoate suggests that the unligated enzyme exists in an altered conformation. The properties of the mutant enzyme are explained in terms of the structure of the wild-type enzyme, and a model is proposed to account for the allosteric interactions of the wild-type enzyme in terms of specific interactions involving the 230-245 loop of the enzyme.
Escherichia coli aspartate carbamoyltransferase (EC 2.1.3.2) has been extensively studied as a model for allosteric regulation (1) (2) (3) (4) (5) . This enzyme catalyzes the committed step in pyrimidine biosynthesis, the condensation of L-aspartate and carbamoyl phosphate to form N-carbamoylaspartate and inorganic phosphate. Homotropic cooperativity is induced by both substrates (6, 7) , whereas CTP, a product of the pyrimidine pathway, acts as a heterotropic inhibitor and ATP, a product of the parallel purine pathway, acts as a heterotropic activator (6) . The x-ray structure of the unligated holoenzyme has been determined (8) , as well as the structure in the presence of CTP (9) and in the presence of N-phosphonacetyl-L-aspartate (PALA) (10), a potent inhibitor that combines into one molecule the binding loci of both of the natural substrates (11) . The Mr 310,000 holoenzyme is composed of two Mr 100,000 and three Mr 34,000 subunits. The larger, catalytic subunits each contain three polypeptide chains on which the active sites are located, while the smaller, regulatory subunits each contain two polypeptide chains on which the effector binding sites are located.
A variety of physical studies, including sedimentation (12), circular dichroism (13) , and x-ray solution scattering (14) , indicate that there is a major reorganization of the quaternary structure upon binding of substrates. These structural changes have been confirmed by x-ray crystallography. A comparison of the three-dimensional structures in the presence and absence of PALA reveals both quaternary and tertiary structural changes. The two catalytic subunits move apart by 12 A and mutually reorient by 100, while the regulatory subunits reorient 15°about the 2-fold axes (10) . Along with these quaternary changes, there are significant alterations in the tertiary structure of the catalytic chains. In particular, the loops involving residues 76-86 and 230-245, respectively, reorient, repositioning a number of residues necessary for the binding of PALA and, presumably, catalysis.
Previous studies by Landfear et al. (15, 16) have shown that the nitration of 1.6 tyrosine residues per catalytic chain causes loss of homotropic cooperativity, although the modified enzyme is still sensitive to the heterotropic effectors. Not all of the modified tyrosine residues were identified; however, tyrosine-240 was shown to be nitrated to a large extent (16 (22, 23) ; the Laemmli procedure was used for denaturing polyacrylamide gel electrophoresis' in the presence of sodium dodecyl sulfate (24) .
Determination of Protein Concentration. The concentration of pure wild-type aspartate carbamoyltransferase holoenzyme was determined by absorbance measurements at 280 nm, using an extinction coefficient of 0.59 cm2/mg (25) . All other protein concentrations were determined either by the method of Lowry et al. (26) or by the Bio-Rad version of Bradford's dye-binding assay (27) .
Data Analysis. The analysis of the kinetic data was carried out as previously described (28) .
Isolation of Plasmid. Small-scale purification of plasmid was carried out by the alkaline-lysis procedure (29) , and large-scale plasmid purification was performed by the method of Schleif and Wensink (30) .
Oligonucleotide Synthesis. The oligonucleotides required for the site-directed mutagenesis were synthesized using the Applied Biosystems 381A DNA synthesizer. Purification was accomplished, after deblocking, by preparative polyacrylamide gel electrophoresis and was checked by reversed-phase HPLC using a Beckman C3 Ultrapore column.
RESULTS
Site-Directed Mutagenesis. The replacement of tyrosine by phenylalanine at position 240 of the catalytic chain of aspartate carbamoyltransferase was accomplished by the procedure of Zoiler and Smith (31), with two modifications. First, the standard M13 sequencing primer was used to provide a second priming site on the 5' side of the mutagen in order to reduce in vivo strand displacement of the mutagenic primer (32) . Second, after the fill-out and ligation steps, the M13 replicative form (RF) was transformed into HB2154 [F' ara, thi, Apro-lac, mutL::TnlO(Tet9/F' proAB, lacIq, lacZAM15] and plated onto a lawn of HB2151 (F' ara, thi, Apro-laciF' proAB, lacIq, lacZAM15). HB2154 is defective in DNA repair and therefore mismatch repair does not occur (33) . Plating onto a lawn of HB2151, a repair-positive version of HB2154, reduced the time the M13 RF was in the repair-defective background. The construction of the M13 phage carrying the entire pyrBI operon has been described (18) . Before use, the oligonucleotide mutagen was tested to determine whether it annealed at a single position on the M13-pyrBI, by using the mutagen as a primer in sequencing by the dideoxy chain-termination method (34) . Excellent sequence was obtained, indicating that the oligonucleotide annealed to only the desired site. Following primer extension, ligation, and transformation, the mutant phage were screened by colony-blot hybridization using the same labeled oligonucleotide as probe (35) . The sequence of the putative mutants was confirmed by dideoxy sequencing using a specific primer located 75 bases from the mutation site. Approximately 35% of the candidates were identified as having the desired single nucleotide change. Table 1 ), and at pH 7.0, the cooperativity of the mutant is nearly abolished (data not shown).
The kinetic analyses of the mutant enzyme also revealed a drastic alteration in affinity of the enzyme for the substrate aspartate. The aspartate concentration at one-half of the maximal observed velocity, [SI0.5, decreases from 11.9 mM to 4.7 mM at pH 8.3 (see Fig. LA ). Although both the cooperativity and the affinity of the Phe240C enzyme for aspartate are altered, the maximal observed specific activity is almost identical to that of the wild-type enzyme. the kinetics of the isolated catalytic subunit. As seen in Fig.  1B , hyperbolic kinetics are observed for the catalytic subunit ofboth the wild-type and the Phe240C enzyme. Furthermore, the kinetic parameters of the mutant and wild-type catalytic subunits are almost identical. Thus, the substitution pf phenylalanine at position 240 has no effect on the maximal velocity of the mutant catalytic subunit.
Reaction with pHMB. The rate of reaction of pHMB with aspartate carbamoyltransferase has been found to be indicative of the allosteric conformational state of the holoenzyme (12) . Therefore, this technique was used to evaluate the conformational state of the Phe240C enzyme. As seen in Fig.  2 , the reaction rate of pHMB with the Phe240C enzyme is approximately 7-fold faster than with the wild type. When the experiment is repeated in the presence of a saturating concentration of PALA, the pHMB reaction rate of the Phe240C enzyme actually decreases by a factor of 2. Under identical conditions, the pHMB reaction rate for wild-type enzyme increases such that both the wild-type and the mutant enzymes have identical reaction rates (Fig. 2) .
DISCUSSION
The results of Landfear et al. (15, 16) The replacement of Tyr-240 by phenylalanine causes a substantial reduction in the cooperativity ofthe enzyme along with a marked increase in the affinity of the enzyme for aspartate. The [S]0.5 of 4.7 mM for the Phe240C holoenzyme is even lower than the Km of 5.7 mM observed for the wild-type catalytic subunit. This substitution has significant effects on aspartate affinity and cooperativity; however, within experimental error, the maximal observed specific activity is not altered. This suggests that the change in aspartate affinity is due to changes in cooperativity and not in catalysis. Further support for this comes from a comparison of the kinetic data obtained for the isolated catalytic subunits. As seen in Fig. 1B , the Phe240C and wild-type catalytic subunits exhibit identical kinetics.
To probe the conformational state of the mutant enzyme, we have employed the reaction of the holoenzyme with pHMB. The rate of this reaction has been shown to be dependent on the conformational state of the enzyme (12) . Carbamoyl phosphate and succinate, an analog of aspartate, or PALA cause a significant increase in reactivity of the holoenzyme toward pHMB. Presumably, this increased reactivity is due to the greater accessibility of the sulfhydryl groups when the enzyme is in the ligated form.
The rate of reaction ofpHMB with the unligated Phe240C enzyme is approximately 7-fold higher than with the unligated wild-type enzyme. In the presence of PALA, the Phe240C reaction rate slows, whereas the reaction rate for the wildtype enzyme is enhanced, resulting in identical reactivities for both enzymes.
The enhanced reactivity of the Phe240C enzyme toward pHMB suggests that the unligated conformation of the mutant enzyme is distinctly different from the unligated conformation of the wild-type enzyme. The accelerated reaction rate is reminiscent of a number of mutant versions of aspartate carbamoyltransferase, which have been thought to be frozen in the state of the enzyme that has a high affinity for aspartate (19, 36) . The Phe240C enzyme cannot be frozen in the high-affinity state, because this enzyme still shows cooperativity and an alteration in pHMB reactivity upon PALA binding. If the Phe240C enzyme were frozen in the high-affinity state, hyperbolic kinetics and apHMB reactivity unaffected by PALA would be expected. However, the conformation of the unligated Phe240C mutant is different from the wild type, since the reactivity of the sulfhydryl groups is enhanced. The reactivity of pHMB toward the Phe240C enzyme, in the presence and absence of PALA, is similar to that observed for the aspartate carbamoyltransferase mutant which has Gly-128 replaced by aspartic acid (Aspl28C) (37) . Based onpHMB reactivity, the accessibility ofthe sulfhydryl groups in these two mutants is similar; however, the active site conformation of the Aspl28C mutant does not allow catalysis to occur. Fig. 3 shows the difference in conformation between the unligated (A) and ligated (B) states of the wild-type enzyme (8, 10) . The large alteration in quaternary structure between the two forms of the enzyme is sufficient to explain the enhanced pHMB reactivity of the wild-type enzyme in the presence of PALA.
Examination of the structure reveals that the link between Asp-271 and Tyr-240, which is observed in the unligated structure, is lost when the molecule binds PALA. When phenylalanine is substituted for Tyr-240, the interaction between Asp-271 and Tyr-240 is no longer possible. This results in a destabilization of the unligated conformation of the enzyme, leading to a new conformation that is more reactive toward pHMB. When the pHMB-reactivity experi- (8, 10) . Asp-271, Tyr-165, and Tyr-240 to the top and left are from one polypeptide chain, whereas the same residues to the bottom and right are from the other polypeptide chain. For clarity, the side chains of Lys-164 and Glu-239 are shown but not labeled. Orientation of the molecule is identical to that in Fig. 3 .
Biochemistry: Middleton and Kantrowitz qr" f ment is carried out in the presence of PALA, both the Phe240C and the wild-type enzymes react identically. These data suggest that PALA induces a structural change in the mutant enzyme resulting in a conformation identical to that observed for the ligated wild-type enzyme.
The data reported here suggest that the 230-245 loop is critical for the cooperative interactions of aspartate carbamoyltransferase. In particular, the interaction between Asp-271 and Tyr-240 helps stabilize the enzyme in the conformation that has low affinity for substrate.
As seen in Fig. 4A , in addition to the link between Asp-271 and Tyr-240, there are a number of other interactions involving the 230-245 loop (10) . For example, there is an intersubunit interaction between Glu-239 and Tyr-165. Upon PALA binding, this intersubunit interaction is lost and a new intrasubunit interaction forms between Glu-239 and both Lys-164 and Tyr-165 (Fig. 4B) . One of these interactions has been examined using site-directed mutagenesis (38) . A mutant with Tyr-165 replaced with serine exhibits no cooperativity, a maximal velocity reduced by 66%, and a [S]0.5 increased from 6.6 to 160 mM. These results, along with the fact that residues near 165 are known to interact with PALA (10) , suggest that the substitution of serine at position 165 prevents the interaction with Glu-239 of the 230-245 loop. In the ligated state, the loss of this interaction alters the active site conformation resulting in reduced activity and weaker substrate binding.
The data on the Phe240C mutant suggest a possible model for the allosteric interactions of the enzyme. In the unligated enzyme, the 230-245 loop serves to destabilize the active site. Specifically, intersubunit interactions involving the 230-245 loop, such as the one between Glu-239 and Tyr-165, promote the low-affinity state at the active site. The intrasubunit interaction between Asp-271 and Tyr-240 restrains the unligated molecule in the low-affinity conformation by stabilizing the position of the 230-245 loop. The binding of substrate induces a conformation change that disrupts these interactions, leading to the quaternary-structure change. The resulting rearrangement at the active site, to the high-affinity form, is now stabilized by an intrasubunit interaction between Glu-239 and both Lys-164 and Tyr-165, along with a variety of other interactions that have been observed in the three-dimensional structure (10) . To test this model, additional amino acid substitutions in the 230-245 loop of aspartate carbamoyltransferase need to be examined.
